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(54) Title: OXYGEN SUPPLY AND REMOVAL APPARATUS 




(57) Abstract 

The present invention relates to apparatus and methods of supplying and removing oxygen. The apparatus (10) includes an oxygen- 
conducting solid electrolyte (18). The electrolyte (18) has an oxygen input side and an oxygen output side which are each coated with 
an electrically conducting metallic material. When an electrical potential is applied to the electrolyte, oxygen is caused to move from the 
input side to the output side. A feedback loop (50) is provided to prevent damage to the electrolyte. Depending on the arrangement of 
electrolyte, the present invention may provide a source of pure oxygen, including high pressure oxygen, or an oxygen free environment. 
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OXYGEN SUPPLY AND REMOVAL APPARATUS 

BACKGROUND 
Field of the Invention 
The present invention is related to apparatus and methods 
for supplying pure oxygen or removing oxygen from a gaseous 
environment. The invention uses doped ceramics which possess 
particularly high oxygen ion conductivity. 

Technical Background 

In a number of applications it is important to remove 
oxygen from a mixture of gases. For example, even in purified 
gases, it is known that trace quantities of oxygen remain 
within the gas. In order to provide a very pure gas, it would 
be desirable to remove as much of the trace oxygen as possible. 
Examples of such gases include nitrogen and noble gases. 

Small quantities of oxygen mixed within otherwise pure 
inert gases have proven problematic in a number of contexts. 
For example, in the manufacture of semiconductor devices, it is 
important to provide an essentially oxygen-free environment 
during certain types of processing steps. A typical solution 
for the problem is to flush the processing environment with an 
inert gas. However, even when inert gas fills the processing 
environment, trace amounts of oxygen still exist and are mixed 
with the inert gases. 

Various processes have been attempted to remove oxygen 
from such inert gases. For example, it has been conventional 
to filter the gas in order to attempt to remove oxygen. 
Various filtering and removal processes have been employed, 
including adsorption, absorption, catalytic reactions, and 
membrane separation. Even using these processes, however, 
gases of less than ideal purity have been produced. Thus, 
there is a need in the art to be able to remove oxygen from 
gaseous mixtures and to obtain an oxygen-free environment . 

A reverse of the problem described above is involved in 
the production of commercial quantities of extremely pure 
oxygen. Problems similar to those described concerning other 
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gases are also encountered in the production of pure oxygen. 
In all existing processes, it would be desirable to provide 
oxygen of better quality using a simple and relatively 
inexpensive process. 

It would also be desirable to provide extremely pure 
oxygen at high pressure, such as pressures greater than 500 
psig. Conventional mechanical compressors used to provide high 
pressure gases require reciprocating pistons. There are at 
least three significant disadvantages associated with 
conventional mechanical compressors: (l) there is a tendency 
for the compressed gas to become contaminated with oils or 
lubricants required to overcome the friction between close 
contact moving parts, along with some metals; (2) there 
reciprocating motion can cause unacceptable vibration and noise 
in certain environments, such as hospitals, aerospace, and 
outer space applications, and (3) the energy required by a 
conventional compressor is far greater than ion conduction. 
Thus, there is a need in the art for extremely high pressure 
oxygen which is obtained without a high energy consuming 
mechanical action conventional compressor. 

Patent number 5,302,258 and 5,385,874, which are 
incorporated herein by reference, disclose apparatus and 
methods which effectively remove oxygen from a gaseous mixture 
and which are able to provide a source of pure oxygen. Oxygen 
ion conducting electrolytes made from doped ceramic oxide 
materials are used in the disclosed apparatus and methods. 
When relatively pure gases are being processed to remove trace 
quantities of oxygen, it is possible to reduce the ceramic 
oxide and cause permanent damage the ceramic. 

Accordingly, it would be a significant advancement in the 
art to provide an apparatus and method for removing oxygen from 
gaseous mixtures and to obtain an oxygen-free environment which 
includes a system to prevent damage to ceramic oxide materials 
used herein. It would also be an advancement in the art to 
provide pure, high pressure oxygen without the mechanical 
action of conventional compressors. 
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Such methods and apparatus are disclosed and claimed 
herein. 

BRIEF SUMMARY OF THE INVENTION 
5 The present invention relates to apparatus and methods of 

supplying and removing oxygen. The apparatus includes a solid 
electrolyte containing a ceramic oxide which conducts oxygen. 
The ceramic oxide contains at least two dopants. Where the 
ceramic is zirconia or most other conventional ceramics the 

10 ratio of the mole percentages of the first dopant to the second 
dopant is in the range of from about 5.75:10 to about 11:10. 
When other ceramics are used, it is possible that the ratio of 
dopants may fall outside this specified range. For example, 
bismuth oxide behaves somewhat differently and the ratio of 

15 dopants may fall outside the specified range. 

The electrolyte has an oxygen input side and ah oxygen 
output side which are each coated with an electronically 
conducting ceramic or metallic material. The coating may be 
the same or different for each side. Means for creating an 

20 electrical potential across the electrolyte, such as a direct 
current source, is provided. A gaseous mixture containing 
oxygen is placed in contact with the metal coated input side of 
the electrolyte such that oxygen passes through the electrolyte 
to the oxygen output side, but the remainder of the gaseous 

25 mixture remains on the metal coated input side of the electro- 
lyte. 

The apparatus according to the present invention prefera- 
bly includes a feedback loop for preventing damage to the 
ceramic oxide material in the electrolyte. This is preferably 

30 achieved by controlling the operating electrical potential 
across the electrolyte based upon the oxygen partial pressure 
at the oxygen across the wall of the electrolyte. If the 
oxygen partial pressure at the oxygen input side is too low, 
this indicates that the electrical potential is too high and 

35 the operating electrical potential is reduced accordingly. 
Conversely, if the oxygen partial pressure is too great, then 
the operating electrical potential is increased. The oxygen 
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partial pressure is preferably determined by measuring the 
electrical potential across the electrolyte and using the 
Nernst equation to calculate the oxygen partial pressure. For 
purposes of this calculation, the outside of the tube is 
5 assumed to have the oxygen partial pressure of air. 

It will be appreciated that the present invention may be 
used to either collect purified oxygen, or to remove oxygen and 
water from a mixture of gases and thereby create an oxygen-free 
environment. It is possible, for example, to remove oxygen 

10 which exists in the percent or parts per million range from 
nitrogen or a noble gas. In order to undertake this process it 
is only necessary to create an electrical potential between the 
two sides of a suitable electrolyte by use of a direct current 
power source at the same time the electrolyte and gases are 

15 heated to a desired operating temperature. Then the subject 
mixture of gases is passed through the electrolyte. Because 
the electrolyte conducts oxygen ions, oxygen is converted to 
ions which pass through the walls of the electrolyte and are 
then recombined. This results in removal of the oxygen from 

20 the gaseous mixture and/or the production of pure oxygen. 

High pressure oxygen may be obtained according to one 
embodiment within the scope of the present invention by placing 
a pressure vessel in gaseous communication with the oxygen 
output side of the electrolyte. The pressure vessel may be on 

25 any of a wide variety of sizes and configurations. It has been 
found that a relatively small change in electrical potential 
results in a relatively large increase in the partial pressure 
of oxygen. The pressure vessel preferably includes a valved 
exit to control oxygen flow out of the pressure vessel. 

30 The ability to obtain an oxygen free environment is very 

useful in some highly specialized manufacturing processes, such 
as the manufacture of semiconductor devices and certain metal- 
metal plating operations. When an apparatus within the scope 
of the present invention is placed within a gas-tight 

3 5 compartment and operated to withdraw oxygen from the compart- 
ment, all oxygen is removed from the interior of the compart- 
ment and from anything placed inside the compartment. In this 
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manner it is possible to remove oxides from objects placed 
inside the compartment. such objects may include coins, 
jewelry, silverware, antiques of other types, and metals which 
require oxide-free surfaces. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a partially cut away perspective view of one 
embodiment of the device of the present invention. 

Figure 2 is a cross-section of the device illustrated in 
10 Figure 1. 

Figure 3 is a cross-section of a ceramic tube useful in 
the device illustrated in Figures 1 and 2, showing the various 
layers which make up the tube. 

Figure 4 is a schematic representation of an oxygen output 
15 feedback loop. 

Figure 5 is a cross-sectional perspective representation 
of a ceramic tube containing a sensor useful in the feedback 
loop of Figure 4. 

Figure 6 is a cross-section of an oxygen pressure vessel 
20 in gaseous communication with a ceramic tube similar to the one 
illustrated in Figures 1-3. 

Figure 7 is a cross-section of a device for removing 
oxygen from a gas-tight compartment. 

25 DETAILE D DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention relates to apparatus and methods of 
supplying and removing oxygen. The apparatus includes an 
oxygen-conducting solid electrolyte. The electrolyte has an 
oxygen input side and an oxygen output side which are each 

30 coated with an electrically conducting metallic material. When 
an electrical potential is applied to the electrolyte, oxygen 
is caused to move from the input side to the output side. A 
feedback loop is provided to prevent damage to the electrolyte. 
Depending on the arrangement of electrolyte, the present 

35 invention may provide a source of pure oxygen, including high 
pressure oxygen, or an oxygen free environment. The oxygen 
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free environment may also be useful in removing oxides from 
objects. 

The principals and mechanism of oxygen ion conduction used 
in the present invention are disclosed in U.S. patent numbers 
5 5,302,258 and 5,385,874, which are incorporated herein by 
reference. 

Oxygen Conducting Ceramic 

As described above, the present invention uses ceramics 
which display surprising levels of oxygen ion conductivity. In 
10 particular, the ceramic compositions used in the present 
invention are formulated such that there exist "point defects" 
in the crystal lattice. The defects are specifically selected 
and formed in order to allow maximum oxygen ion conductivity. 
The basic materials used in the formulation of the ceramic 
15 material of the present invention are ceramic oxides which 
conduct oxygen ions. Typical basic materials include zirconia 
(Zr0 2 ) , ceria (Ce0 2 ) , bismuth oxide (Bi 2 0 3 ) , thoria (Th0 2 ) , 
hafnia (Hf0 2 ) , and similar materials known in the ceramics art. 
It is found that some of the materials which are alterna- 
20 tives to zirconia, such as ceria and bismuth oxide, are 
efficient at creating conduction of oxygen through the 
electrolyte. These benefits are somewhat offset, however, with 
limitations such as lower strength than zirconia, and increased 
susceptibility to chemical reaction under conditions of low 
25 oxygen partial pressure and high voltage and temperature. 

Ionic conduction is increased in the present invention by 
doping the primary material with multiple dopants. Typical 
dopants include yttria (Y 2 0 3 ) and magnesia (MgO) , as well as the 
oxides of calcium, barium, strontium, lanthanum, ytterbium, and 
30 scandium, and like elements. 

It is believed that dopants increase oxygen conductivity 
by introducing "defects" within the crystal lattice which allow 
the passage of oxygen ions. 

Optimal oxygen ion conductivity is obtained by careful 
35 selection of the dopants and the resulting lattice defects. In 
particular, it is preferred to select dopants which display 
ionic radii very near that of the primary material (such as 
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zirconia or ceria) . At the same time, it is desirable to chose 
dopants based on metals which have a different valence than the 
primary material. That is, in a composition based on 
zirconium, which has a +4 valence, dopants having +2 and +3 

5 valences are presently preferred* This provides defects in the 
crystal lattice which allow the passage of ionic oxygen. 

In addition, it is important to balance the size of the 
first and second dopants added. It is preferred that the ionic 
radius of the ceramic oxide be within a factor 0.75 of the 

0 ionic radius of the dopants. For example, the addition of 
yttria to a zirconia lattice provides a particular set of 
lattice distortions. By then adding magnesia, the crystal 
lattice is allowed to return to a more stable state. In this 
manner, the selection of multiple dopants provides the general 

5 benefits of added dopants, but minimizes the limitations 
otherwise experienced with the use of dopants. 

In a representative embodiment, yttria and magnesia are 
added to zirconia. Typically from about 2.5% to about 25% 
yttria is added. It is found that when between about 2.5% to 

0 about 6% yttria is added a tetragonal crystal lattice is 
formed. When more than about 6% yttria is added, a cubic 
crystal lattice is observed. In most embodiments of the 
present invention, the cubic lattice is preferred in that the 
cubic form readily allows for the transport of oxygen ions 

5 through defects resulting from the addition of the yttria 
dopant . 

Magnesia is then added to the composition. Magnesia 
provides additional defects in the crystal lattice, but also 
results in a general balancing of the size of the defects. 

0 This results in a marked increase in the conductivity of oxygen 
ions. The ratio of mole percentages of magnesia to yttria is 
preferred to be in the range of from about 6.5:10 to about 
9.5:10. One preferred composition comprises about 5.61 mole 
percent magnesia, 7.00 mole percent yttria, and the remainder 

5 zirconia. A preferred alternative composition comprises about 
5.23 mole percent yttria, about 6.77 mole percent calcium oxide 
(calcia) , and the remainder ceria. 
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As mentioned above, the total mole percent dopants in the 
composition will typically be in the range of from about 8% to 
about 25% of the total ceramic composition. The remainder of 
the composition will be the ceramic matrix material, such as 
5 zirconia or ceria. 

In zirconia doped with a single dopant, typical oxygen ion 
resistivity is in the range of about 100 ohm-centimeters. 
Using the present invention conversely, oxygen ion resistivity 
is observed in the range of about 22-32 ohm-centimeter. Thus, 

10 it will be appreciated that the present invention provides 
significantly increased capability to conduct oxygen ions. 
Oxygen Supply or Removal Apparatus and Method 

As mentioned above, the present invention relates to 
apparatus and methods of supplying and removing oxygen. The 

15 apparatus includes an oxygen-conducting solid electrolyte as 
described above. A currently preferred apparatus within the 
scope of the present invention can be best understood by 
reference to the drawings where like parts are designated with 
like numerals throughout. 

20 Reference is first made to Figure 1 in which one embodi- 

ment of the apparatus of the present invention is illustrated 
and designated 10. Figure 1 is a partially cut away perspec- 
tive view of a gas processing device within the scope of the 
present invention. The basic functional feature of the device 

25 is the hollow cylinder or tube 12. 

As illustrated in Figure 1, the cylinder 12 may run the 
length of the device 10* The cylinder 12 is formed of the 
oxygen-conducting ceramic composition described above. The 
ceramic structure forms an electrolyte 18. The electrolyte 18 

30 is then coated in order to provide conductive surfaces, or 
electrodes 14 and 16, on the inside and the outside of the 
cylinder respectively. The electrode materials may be any 
acceptable electrically conductive material. Such materials 
which fall within the scope of the present invention include 

35 silver, platinum, and palladium. The material on the inside of 
the cylinder may be the same or different from the material on 
the outside of the cylinder. In one embodiment, the material 
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on the outside of the cylinder is silver, whereas the material 
on the inside of the cylinder is platinum. 

The preferred apparatus of the present invention typically 
includes a hollow cylinder constructed of the ceramic material 

5 described above. However, it should be understood that the 
teachings contained herein could also be used for a planar 
sheet or a honeycomb configuration. 

It may be desirable to provide intermediate layers 20 and 
22 between the electrodes and the electrolytes. Such material 
10 may include strontium-doped lanthanum manganate (LSM) , 
strontium-doped lanthanum, cobalt, iron (LSCoFe) , or similar 
material. LSM is particularly acceptable because of its 
combination of properties. LSM provides an adhesive interme- 
diate layer between the electrolyte 18 and the electrodes 14 

15 and 16. At the same time, LSM is electrically conductive and 
is believed to catalyze the conversion of oxygen to oxygen 
ions. Thus, LSM may significantly increases the effectiveness 
of the device. LSCoFe is also found to be acceptable in this 
context because of its excellent conductivity. 

20 It will be appreciated that the conductivity of oxygen 

ions is most effective at elevated temperatures. In particu- 
lar, for most ceramics such as zirconia based ceramics, 
temperatures in the range of from about 650°C to about 1000°C 
are required to provide efficient conductivity. It is 

25 presently preferred, however, to operate at temperatures in the 
range of from about 780°C to about 820°C. For non-zirconia- 
based ceramics, those skilled in the art will appreciate that 
the preferred temperature range may be somewhat different from 
that specified above. 

30 In order to operate the device 10 at these elevated 

temperatures it is necessary to isolate the high temperature 
area from the remainder of the device. In the illustrated 
embodiment, this takes the form of an enclosure 24 disposed 
about the electrolyte and related structures. This interior 

35 enclosure 24 also preferably includes an adequate layer of 
insulation 26 to isolate the remainder of the device from the 
elevated operating temperatures. 
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Placed within the interior of the enclosure 2 4 are the 
necessary components to provide an electrical potential across 
the electrolyte 18 and to control the temperature within the 
enclosure 24. Thus, a series of heating elements 28 are 
5 provided. These heating elements are available commercially 
and may take the form of heating coils or other conventional 
types of heating elements. In order to control the tempera- 
ture, a temperature sensor or thermocouple 3 0 is also disposed 
within the interior of the enclosure 24 and attached to the 

10 required external power source and controls. All of these 
elements are powered and controlled through the use of 
conventional power sources and control components (not shown) . 

Also illustrated are wires 32 and 34 which extend into the 
interior enclosure 24 from the exterior of the device. Wire 32 

15 is attached to the exterior electrode 16 and wire 34 is 
similarly attached to the interior electrolyte 18. The wires 
32 and 34 are in turn connected to a direct current power 
source 36. In this manner, the necessary electrical potential 
is created across the electrolyte 18. As described above, the 

20 electrical potential is required in order to accommodate the 
flow of oxygen ions through the electrolyte 18. 

Disposed around the interior enclosure 24 is a second 
exterior enclosure 38. The enclosure 38 covers and protects 
the essential working components of the device 10. Also 

25 illustrated between the interior enclosure 24 and the exterior 
enclosure 38 are a set of bellows 40. Bellows 40 act as a seal 
and means for compensating for thermal expansion in the device. 
By use of the bellows system, it is possible to maintain an 
essentially cold seal between the electrolyte and the enclosure 

30 38. 

Figure 1 also illustrates one method of suspending the 
cylinder 12 within the device. That method involves the use of 
a pair of bulkhead fittings 42 configured such that they 
support said electrolyte cylinder 12. The bulkhead fittings 42 
35 provide for gentle suspension of the cylinder 12 such that 
damage and breakage are avoided. In addition, in alternative 
embodiments of the device it is possible to employ bulkhead 
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fittings 42 in order to suspend multiple cylinders 12 within 
the device. 

Figure 2 is a cross sectional view of the device 10 
illustrated in Figure 1. In Figure 2 the same components of 
5 the device 10 are illustrated, however, the spacial relation- 
ship of the components can be more fully appreciated when 
Figure 2 is taken in combination with Figure 1. In particular, 
the structure of the cylinder 12 is illustrated. As can be 
seen in Figure 2, the basic structural feature of the cylinder 

10 is the electrolyte 18* Coated on both the inside and the 
outside surfaces of the electrolyte 18 are layers of LSM. As 
mentioned above, the LSM layers provide a number of benefits 
including improved electrical conductivity of the cylinder, an 
adhesive layer between the electrolyte and the metallic 

15 electrode layers, and a catalyst for the ionization of oxygen. 

Coated onto the inside and the outside of the cylinder are 
metallic electrode layers. As mentioned above, these may 
preferably comprise silver, platinum, palladium, gold or 
copper . 

20 Figure 2 also illustrates the heating mechanism disposed 

within the interior enclosure 24. The heating mechanism 
comprises a series of four (4) heating elements 28 and a 
thermocouple/ temperature controller 30. These components 
provide a simple mechanism for achieving and controlling the 

25 required operating temperatures within the device. 

The structure of the two enclosures is also illustrated. 
The interior enclosure houses the high temperature operating 
region. Thus, the enclosure includes a layer of insulation 26 
within the enclosure 14. As was discussed above, the exterior 

30 enclosure 38 encloses the primary operating components of the 
device. Thus, a compact device 10 is provided in which all of 
the sensitive components are protected and in which the high 
temperature area is isolated. 

Reference is next made to Figure 3. Figure 3 is a cross- 

35 sectional view of the cylinder 12 and illustrates the cylinder 
12 in some additional detail. The structure of the cylinder 12 
is as discussed in detail above. The interior layer of the 
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cylinder comprises a ceramic electrolyte 18 . Moving toward the 
exterior of the cylinder, the next layer is the LSM 20 layer 
described above. This layer provides an adhesive intermediate 
layer between the metal electrode and the ceramic electrolyte 
5 18. The ceramic electrolyte 18 comprising the next layer 
moving toward the exterior. 

On the outside of the ceramic electrolyte is an additional 
LSM layer 22. Finally , an additional metallic electrode layer 
16 is provided on the exterior of the cylinder. 

10 The operation of the device is apparent from the descrip- 

tion set forth above. Initially the cylinder 12 is connected 
to a source of mixed gas to be processed. In that manner, the 
gas is allowed to flow through the interior of the cylinder 12. 
At the same time an electrical potential is established between 

15 the inside and the outside of the cylinder by means of the 
direct current power source 36. The interior of the enclosure 
24 is heated to the desired temperature range. As mentioned 
above, the preferred range is from about 650 °C to about 1000°C, 
with a more preferred range being from about 780 °C to about 

20 820°C. 

As the gas passes through the device, oxygen is conducted 
from the interior of the cylinder 12 to the outside of the 
cylinder 12, while the remainder of the gas remains within the 
interior of the cylinder. Thus, the gas, less the oxygen 

25 travels out of the device 10 and is collected. At the same 
time, the oxygen may be collected as it passes out of the 
device through a bleed valve 44. Thus, the present invention 
provides effective methods and apparatus for removing oxygen 
from a gaseous mixture. 

3 0 Traces of water in the gas stream will also be removed. 

At higher operating voltages, water is dissociated into 
hydrogen and oxygen. The oxygen produced in this manner is 
transported out of the gas stream. While the hydrogen produced 
remains within the gas stream, it is not found to be 

3 5 problematic when it exists in trace guantities in otherwise 
pure gases. 
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Working Examples describing the operation of the disclosed 
apparatus are found U.S. patent numbers 5,302,258 and 5,385,874 
which are incorporated herein by reference. 
Feedback Loop 

5 The apparatus according to the present invention prefera- 

bly includes a feedback loop for preventing damage to the 
ceramic oxide material in the electrolyte. In certain 
applications, particularly where relatively pure gases are 
being further processed for the removal of oxygen, it is 
10 possible to reduce the ceramic oxide which forms the oxygen 
conducting electrolyte. This causes the following exemplary 
reaction: 

Zr0 2 Zr0 2 . x 

15 

When this occurs, it is possible to permanently damage the 
ceramic oxide. If the ceramic cools and the structure of the 
ceramic has changed due to the reduction of the ceramic, the 
ceramic is observed to change color (gradually changes from 

20 white to black) and to crack and break. 

One possible system for preventing ceramic oxide damage is 
the feedback loop illustrated schematically in Figure 4. 
Feedback loop 50 includes an oxygen sensor 52 for measuring the 
oxygen partial pressure at the oxygen input side of the 

25 electrolyte. The oxygen sensor preferably measures the 
electrical potential or voltage across the electrolyte and, 
based upon the Nernst equation, determines the oxygen partial 
pressure at the outlet end of the electrolyte tube. The oxygen 
concentration is displayed on an oxygen concentration indicator 

30 54. An automatic inverse feedback controller 56 compares the 
measured oxygen concentration with a manually set oxygen 
concentration level 58. The feedback controller 56 then 
adjusts the power supply 60 (and the operating voltage) to the 
oxygen removal unit 62. If the measured oxygen partial 

35 pressure at the oxygen input side is too low, this indicates 
that the operating electrical potential is too high and the 
operating electrical potential is reduced accordingly. 
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Conversely, if the oxygen partial pressure is too high, then 
the operating electrical potential is increased. 

One possible oxygen sensor is illustrated in Figure 5. A 
ceramic electrolyte tube, similar to cylinder 12 illustrated in 
Figures 1-3, is shown. The cylinder 12 includes a ceramic 
electrolyte 18 sandwiched by LSM layers 20 and 22. Metallic 
electrode layers 14 and 16 are provided on the interior and 
exterior surfaces, respectively, of cylinder 12. Because the 
metallic electrode layers 14 and 16 are connected to a power 
source (such as power source 36 shown in Figure 1) , it is 
necessary to electrically insulate a portion of the electrode 
layer to measure the electrical potential across the electro- 
lyte tube. One manner of electrically insulating a portion of 
the metallic electrode layer 90, shown in Figure 5, is to 
provide a break 92 in the electrode layer. Break 92 may 
optionally contain an insulating material. With a portion of 
the electrode layer 90 insulated from the power source, it is 
possible to measure the potential across the electrolyte tube 
using wires 94 and 96. Knowing the electrical potential, the 
oxygen partial pressure within or outside of the tube, 
depending on the operating conditions, is calculated using the 
Nernst eguation. 

It will be appreciated by those skilled in the art that 
other similar mechanisms may be used to control the electrolyte 
operating electrical potential and to prevent damage to the 
electrolyte. 
Pressurized Oxvaen 

High pressure oxygen may be obtained according an embodi- 
ment within the scope of the present invention shown in Figure 
5. Pressurized oxygen generator 70 includes a cylinder 72 
similar to that illustrated in Figure 3, except that one end of 
the cylinder is closed. The cylinder includes a ceramic 
electrolyte 18 surrounded by LSM layers 20 and 22. Electrodes 
are placed on the outer and inner surface of the cylinder. The 
oxygen generator 70 also includes means for creating an 
electrical potential across the electrolyte, heating means, 
sensors, and temperature and electrical controllers, such as 
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those described above, but not shown in Figure 5. A pressure 
vessel 74 is in gaseous communication with the oxygen output 
side of the cylinder 70. The pressure vessel preferably 
includes an outlet 76 and a valve 78 to control oxygen flow out 
5 of the pressure vessel 74. 

It has been found that a relatively small change in 
electrical potential results in a relatively large increase in 
the partial pressure of oxygen. Table 1, below, illustrates 
the relationship between a typical oxygen partial pressure and 
10 its corresponding electrical potential. 

Table 1 

Pressure (psi) Voltage Change (AE) 

100 0.001 

500 0.076 

15 1000 0.093 

2000 0.109 

It is possible to provide pressurized pure oxygen for 

scientific and industrial uses using an oxygen generator within 

the scope of the present invention. Because the oxygen 

20 produced according to the present invention is initially hot, 
the present invention may be particularly useful in manufac- 
turing processes requiring hot and pure oxygen, such as the 
manufacture of high temperature superconducting materials. 

Those skilled in the art will also appreciate that the 

25 oxygen generator within the scope of the present invention 
provides high pressure oxygen without mechanical action. In 
some applications it is desirable to eliminate mechanical 
action and the associated vibration. For example, a vibration- 
free space-based refrigeration system may be possible according 

30 to the present invention. 
Surface Oxide Removal 

The ability to obtain an oxygen free environment is very 
useful in some highly specialized manufacturing processes, such 
as the manufacture of semiconductor devices and certain metal- 

35 metal plating operations. When an apparatus within the scope 
of the present invention is placed within a gas-tight 
compartment and operated to withdraw oxygen from the compart- 
ment, all oxygen is removed from the interior of the compart- 
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roent and from anything placed inside the compartment. In this 
manner it is possible to remove oxides from objects placed 
inside the compartment. Such objects may include coins, 
jewelry, silverware, antiques of other types, and metals which 
5 require oxide-free surfaces. 

An oxygen free environment may be obtained according an 
embodiment within the scope of the present invention shown in 
Figure 6. Oxygen remover 80 includes a cylinder 82 similar to 
that illustrated in Figure 3, except that one end of the 

10 cylinder is closed. The cylinder includes a ceramic electro- 
lyte 18 surrounded by LSM layers 20 and 22. Electrodes are 
placed on the outer and inner surface of the cylinder. The 
oxygen remover 80 also includes means for creating an electri- 
cal potential across the electrolyte, heating means, sensors, 

15 and temperature and electrical controllers, such as those de- 
scribed above, but not shown in Figure 6. The oxygen remover 
may have a configuration similar to the interior enclosure 24 
discussed above in connection with Figures 1 and 2. When the 
cylinder 82 is contained within a gas-tight enclosure 84 and 

20 operated to withdraw oxygen from the enclosure, oxygen is 
removed from the interior of the enclosure and from objects 
placed inside the enclosure as described above. The high 
operating temperature in combination with the continuous 
removal of oxygen promotes the removal of oxides from objects 

25 inside the enclosure. This represents an useful technique for 
cleaning and treating tarnished metal surfaces. 
Summary 

Accordingly, the present invention provides apparatus and 
methods of supplying and removing oxygen. A feedback loop 

30 advantageously prevents damage to the electrolyte. Depending 
on the arrangement of electrolyte, the present invention may 
provide a source of pure oxygen, including high pressure 
oxygen, or an oxygen free environment which is useful in 
removing oxides from objects. 

35 The claimed invention is: 
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1. An oxygen supply or removal apparatus comprising: 

a solid electrolyte having an oxygen input side and 
an oxygen output side, said solid electrolyte comprising 
a ceramic oxide, a first dopant incorporated within said 
5 ceramic oxide, a second dopant incorporated within said 

ceramic oxide; 

a first metallic coating applied to the oxygen input 

side of the electrolyte; 

a second metallic coating applied to the oxygen 
10 output side of the electrolyte; 

means for creating an electrical potential between 
the oxygen input side and the oxygen output side of the 
electrolyte ; 

means for placing a gaseous mixture containing oxygen 
15 in contact with the metal coated oxygen input side of the 

electrolyte such that oxygen contained within the gaseous 
mixture passes through the electrolyte, but such that the 
remainder of the gaseous mixture remains on the metal 
coated oxygen input side of the electrolyte; and 
20 a feedback loop having means for controlling the 

electrical potential between the oxygen input and oxygen 
output sides of the electrolyte. 

2. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the feedback loop further comprises means for 

25 measuring an oxygen partial pressure differential across the 
electrolyte. 

3. An oxygen supply or removal apparatus as defined in 
claim 1, further comprising a pressure vessel in gaseous 
communication with the oxygen output side of the electrolyte. 

30 4. An oxygen supply or removal apparatus as defined in 

claim 1, further comprising a gas-tight compartment in gaseous 
communication with the oxygen input side of the electrolyte. 

5. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the ceramic oxide comprises zirconia. 

35 6. An oxygen supply or removal apparatus as defined in 

claim 1, wherein the ceramic oxide is selected from the group 
consisting of ceria, bismuth trioxide, thoria, and hafnia. 
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7. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the first dopant comprises magnesia. 

8. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the first dopant comprises yttria. 

9. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the first dopant is selected from the group 
consisting of the oxides of calcium, barium, strontium, 
lanthanum, and ytterbium. 

10. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the second dopant is selected from the group 
consisting of the oxides of calcium, barium, strontium, 
lanthanum, and ytterbium. 

11. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the first and second dopants comprise from 
about 10 mole percent to about 25 mole percent of the solid 
electrolyte. 

12. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the ratio of the mole percentages of said 
first dopant to said second dopant is in the range of from 
about 5.75:10 to about 11:10. 

13 . An oxygen supply or removal apparatus as defined in 
claim 1, further comprising an enclosure disposed about the 
electrolyte. 

14. An oxygen supply or removal apparatus as defined in 
claim 13 , further comprising means for heating the interior of 
the enclosure. 

15. An oxygen supply or removal apparatus as defined in 
claim 14, wherein the means for heating heats the interior of 
the enclosure to a temperature in the range of from about 650 °C 
to about 900 °C. 

16. An oxygen supply or removal apparatus as defined in 
claim 13, further comprising a second enclosure disposed about 
the first enclosure. 

17. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the electrolyte is generally a hollow cylinder 
in shape having a proximal end and a distal end, said oxygen 
input side comprising the interior surface of said hollow 
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cylinder and said oxygen output side comprising the exterior 
surface of said hollow cylinder. 

18. An oxygen supply or removal apparatus as defined in 
claim 17, further comprising bellows attached to the proximal 

5 end of the electrolyte, said bellows placing the interior of 
the electrolyte in communication with a gaseous mixture 
containing oxygen. 

19. An oxygen supply or removal apparatus as defined in 
claim 18, further comprising second bellows attached to the 

10 distal end of said electrolyte, 

20. An oxygen supply or removal apparatus as defined in 
claim 17 , further comprising two bulkhead fittings configured 
such that they support said electrolyte. 

21. An oxygen supply or removal apparatus as defined in 
15 claim 1, wherein the first metallic coating applied to the 

oxygen input side of the electrolyte is selected from the group 
consisting of silver, platinum, and palladium. 

22. An oxygen supply or removal apparatus as defined in 
claim 1, wherein the second metallic coating applied to the 

20 oxygen output side of the electrolyte is selected from the 
group consisting of silver, platinum, and palladium. 

23. An oxygen supply or removal apparatus as defined in 
claim 1, further comprising a coating of lanthanum-strontium- 
manganate disposed over the second metallic coating. 

25 24. An oxygen supply or removal apparatus as defined in 

claim 1, wherein the means for creating an electrical potential 
between the oxygen input side and the oxygen output side 
comprises a direct current power source. 

25. An oxygen supply or removal apparatus comprising: 
30 a solid electrolyte having an oxygen input side and 

an oxygen output side, said solid electrolyte comprising 
a ceramic oxide comprising the oxide of a tetravalent 
element and first and second dopants incorporated within 
said ceramic oxide wherein said dopants comprise oxides of 
35 bi- or tri-valent elements; 

a first metallic coating applied to the oxygen input 
side of the electrolyte; 
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a second metallic coating applied to the oxygen 
output side of the electrolyte; 

means for creating an electrical potential between 
the oxygen input side and the oxygen output side of the 
5 electrolyte; 

means for placing a gaseous mixture containing oxygen 
in contact with the metal coated oxygen input side of the 
electrolyte such that oxygen contained within the gaseous 
mixture passes through the electrolyte , but such that the 
10 remainder of the gaseous mixture remains on the metal 

coated oxygen input side of the electrolyte; and 

a feedback loop having means for controlling the 
electrical potential between the oxygen input and oxygen 
output sides of the electrolyte. 
15 26. An oxygen supply or removal apparatus as defined in 

claim 25, wherein the feedback loop further comprises means for 
measuring an oxygen partial pressure differential across the 
electrolyte. 

27. An oxygen supply or removal apparatus as defined in 
20 claim 25, further comprising a pressure vessel in gaseous 

communication with the oxygen output side of the electrolyte. 

28. An oxygen supply or removal apparatus as defined in 
claim 25, further comprising a gas-tight compartment in gaseous 
communication with the oxygen input side of the electrolyte. 

25 29. An oxygen supply or removal apparatus as defined in 

claim 25, wherein the ionic radius of the ceramic oxide is 
within a factor of 0.75 of the ionic radius of the first and 
second dopants. 

30. An oxygen supply or removal apparatus as defined in 
30 claim 25, wherein the ceramic oxide comprises zirconia. 

31. An oxygen supply or removal apparatus as defined in 
claim 25, wherein the ceramic oxide comprises ceria. 

32. An oxygen supply or removal apparatus as defined in 
claim 25, wherein the ceramic oxide is selected from the group 

35 consisting of bismuth oxide, thoria, and hafnia. 

33. An oxygen supply or removal apparatus as defined in 
claim 25, wherein the first dopant comprises magnesia. 
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34. An oxygen supply or removal apparatus as defined in 
claim 25 , wherein the second dopant comprises yttria. 

35. An oxygen supply or removal apparatus as defined in 
claim 25, wherein the first and second dopants are selected 
from the group consisting of the oxides of calcium, barium, 
strontium, lanthanum, and ytterbium. 

36. An oxygen supply or removal apparatus as defined in 
claim 25, wherein the first and second dopants comprise from 
about 10 mole percent to about 25 mole percent of the solid 
electrolyte. 

37. An oxygen supply or removal apparatus as defined in 
claim 25, wherein the ratio of the mole percentages of the 
first dopant to the second dopant is in the range of from about 
5.75:10 to about 11:10 and wherein the first and second dopants 
comprise from about 10 mole percent to about 25 mole percent of 
the solid electrolyte. 

38. An oxygen supply apparatus comprising: 

a solid electrolyte having an oxygen input side and 
an oxygen output side, said solid electrolyte comprising 
a ceramic oxide, a first dopant incorporated within said 
ceramic oxide, a second dopant incorporated within said 
ceramic oxide; 

a first metallic coating applied to the oxygen input 
side of the electrolyte; 

a second metallic coating applied to the .oxygen 
output side of the electrolyte; 

means for creating an electrical potential between 
the oxygen input side and the oxygen output side of the 
electrolyte; 

a pressure vessel in gaseous communication with the 
oxygen output side of the electrolyte; and 

means for placing a gaseous mixture containing oxygen 
in contact with the metal coated oxygen input side of the 
electrolyte such that oxygen contained within the gaseous 
mixture passes through the electrolyte into the pressure 
vessel, but such that the remainder of the gaseous mixture 
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remains on the metal coated oxygen input side of the 
electrolyte. 

39. An oxygen supply apparatus as defined in claim 38, 
further comprising a feedback loop comprising means for 

5 controlling the electrical potential between the oxygen input 
and oxygen output sides of the electrolyte and means for 
measuring an oxygen partial pressure differential across the 
electrolyte. 

40. An oxygen supply apparatus as defined in claim 38 , 
10 wherein the ratio of the mole percentages of said first dopant 

to said second dopant is in the range of from about 5*75:10 to 
about 11:10. 

41. An oxygen removal apparatus comprising: 

a solid electrolyte having an oxygen input side and 
15 an oxygen output side, said solid electrolyte comprising 

a ceramic oxide, a first dopant incorporated within said 
ceramic oxide, a second dopant incorporated within said 
ceramic oxide; 

a first metallic coating applied to the oxygen input 
20 side of the electrolyte; 

a second metallic coating applied to the oxygen 
output side of the electrolyte; 

means for creating an electrical potential between 
the oxygen input side and the oxygen output side of the 
25 electrolyte; 

a gas-tight compartment in gaseous communication with 
the oxygen input side of the electrolyte; and 

means for placing a gaseous mixture containing oxygen 
in contact with the metal coated oxygen input side of the 
30 electrolyte such that oxygen contained within the gaseous 

mixture passes through the electrolyte, but such that the 
remainder of the gaseous mixture remains within the gas- 
tight compartment on the metal coated oxygen input side of 
the electrolyte. 

35 42. An oxygen removal apparatus as defined in claim 41, 

further comprising a feedback loop comprising means for 
controlling the electrical potential between the oxygen input 
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and oxygen output sides of the electrolyte and means for 
measuring an oxygen partial pressure differential across the 
electrolyte. 

43. An oxygen removal apparatus as defined in claim 41, 
5 wherein the ratio of the mole percentages of said first dopant 

to said second dopant is in the range of from about 5.75:10 to 
about 11:10. 

44. A method of removing oxides from objects comprising 
the steps of: 

10 (a) placing an object containing surface oxides in 

a gas-tight compartment in gaseous communication with an 
oxygen removal device, said oxygen removal device 
comprising: 

a solid electrolyte having an oxygen input side 
15 and an oxygen output side, said oxygen input side 

being in gaseous communication with the gas-tight 
compartment, said solid electrolyte comprising a 
ceramic oxide, a first dopant incorporated within 
said ceramic oxide, a second dopant incorporated 
20 within said ceramic oxide; 

a first metallic coating applied to the oxygen 
input side of the electrolyte; and 

a second metallic coating applied to the oxygen 
output side of the electrolyte; 
25 (b) creating an electrical potential between the 

oxygen input side and the oxygen output side of the elec- 
trolyte sufficient to cause oxygen within the gas-tight 
compartment to pass from the oxygen input side of the 
electrolyte to the oxygen output side of the electrolyte; 
30 and 

(c) controlling the electrical potential between the 
oxygen input and oxygen output sides of the electrolyte to 
prevent damaging the electrolyte. 

45. A method of removing oxides from objects as defined 
35 in claim 44, wherein the ratio of the mole percentages of said 

first dopant to said second dopant is in the range of from 
about 5.75:10 to about 11:10. 
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